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Edited by Varda RotterAbstract Death-associated protein 3 (DAP3) has been origi-
nally identiﬁed as a positive mediator of apoptosis. It has been
revealed recently that the predominant localization of DAP3 to
mitochondria implies its functional involvement in mitochondrial
metabolism in addition to apoptosis. However, little is known
about the molecular basis of these physiological functions of
DAP3. Here, we demonstrate that DAP3 is reduced in both rep-
licative and premature senescence induced by oxidative stress,
and the DAP3 reduction induced by oxidative stress is observed
mostly in a mitochondrial fraction. Using DAP3-speciﬁc short
hairpin RNA (shRNA) in a clonogenic survival assay, we reveal
that reduction of DAP3 induces resistance to oxidative stress
and decreases intracellular reactive oxygen species (ROS) pro-
duction. Furthermore, this strategy allows us to show that loss
of DAP3 is involved in the avoidance of replicative senescence
in mouse embryonic ﬁbroblasts (MEFs). Thus, our study oﬀers
an insight into the potential regulatory function of mitochondrial
DAP3 involved in cellular senescence.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: DAP3; Cellular senescence; Oxidative stress;
Apoptosis1. Introduction
Normal mammalian cells in culture, such as human diploid
ﬁbroblasts (HDF) or mouse embryonic ﬁbroblasts (MEFs),
proliferate for a certain number of population doublings
(PD) and spontaneously reach an arrested state in which they
become non-responsive to any mitogenic stimulus despite
being metabolically active. This is known as replicative senes-
cence [1]. Concurrent with cell cycle arrest in the G1 phase, dis-Abbreviations: DAP3, death-associated protein 3; shRNA, short hai-
rpin RNA; ROS, reactive oxygen species; MEFs, mouse embryonic
ﬁbroblasts; HDF, human diploid ﬁbroblasts; SA b-gal, senescent-ass-
ociated b-galactosidase; SIPS, stress-induced premature senescence
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doi:10.1016/j.febslet.2006.10.004tinctive senescence-associated changes are observed. These
include morphologic enlargement of the cells or increases in
senescent-associated b-galactosidase (SA b-gal) activity, and
also reduction in heat shock proteins or c-fos inducibility by
serum, which are known biomarkers of senescence.
In recent years, various stimuli besides the progressive short-
ening of telomeres have also been shown to induce a senes-
cence-like state in cells. This is referred to as stress-induced
premature senescence (SIPS). These stimuli include exposure
to oxidative stress, UV-ray, X-ray or expression of oncogenes
as activated RAS and aberrant mitogenic signals [2]. However,
depending on the level of stress suﬀered, the cell response is
executed in diﬀerent ways, ranging from senescence (growth
arrest) to apoptosis and necrosis (death). Subsequent studies
have proposed that cellular senescence refers not only to the
state of irreversible arrest, but also to the positive response
of suppressing tumorigenesis, even if cancer cells are not elim-
inated as they are in apoptosis. It has also become apparent
that a well-known tumor suppressor, p53, plays an important
role in cellular senescence [3], and that several p53-inducible
genes either promote or are involved in apoptotic response
[4,5]. Taken together, these cellular responses seem to be crit-
ical in aging and age-related diseases. However, little, if any-
thing, has been revealed about the molecular link between
cellular senescence and apoptosis.
Death-associated protein 3 (DAP3) is a GTP-binding pro-
tein that has been identiﬁed as a positive mediator in interferon
(IFN)-c-induced cell death [6]. Over-expression of DAP3 in
Hela cells induces cell death, and reduction of DAP3 by anti-
sense oligonucleotide inhibits Fas- or tumor necrosis factor
(TNF) a-receptor-mediated apoptosis [7]. A further study clar-
iﬁed that DAP3 addresses mitochondrion with an N-terminal
mitochondrial targeting signal [8], and is one of the mitochon-
drial ribosome components [9] that remains intra-mitochon-
drial during TNF-related apoptosis-inducing ligand
(TRAIL)-induced apoptosis [10]. On the other hand, it has
been reported that DAP3 in the cytosol functions as a pro-
apoptotic adaptor molecule between TRAIL-receptors and
Fas-associated death domain protein (FADD) [11,12]. Contra-
dictory discussion has also focused on the pro-apoptotic func-
tion of DAP3 [13]. Although the role of DAP3 in
mitochondrial fraction has begun to emerge [14,15], the molec-
ular mechanisms of DAP3 in the induction of cell death and
mitochondrial physiology remain poorly understood.blished by Elsevier B.V. All rights reserved.
6094 Y. Murata et al. / FEBS Letters 580 (2006) 6093–6099In this study, we tried to characterize DAP3 in cellular senes-
cence in order to gain a new insight into the cross-talk between
cellular senescence and apoptosis. It was recognized that
expression of DAP3 in HDF was decreased not only in repli-
cative but also in oxidative stress-induced premature senes-
cence. Using DAP3-speciﬁc short hairpin RNA (shRNA) in
a clonogenic survival assay, evidence was obtained that
DAP3 regulates oxidative stress-mediated premature senes-
cence positively in addition to evoking intracellular reactive
oxygen species (ROS) production. Furthermore, this strategy
demonstrated that DAP3 presumably functions as a trigger
gene for replicative senescence in MEFs. Thus, a potentially
unique role of DAP3 can be adduced, in which it operates as
a positive mediator of apoptosis and also as a previously un-
known key player in cellular senescence.2. Materials and methods
2.1. Cell culture
Unless otherwise described, all cell lines and C57BL/6 MEFs were
maintained in Dulbecco’s modiﬁed Eagle’s medium (DMEM, Sigma,
St. Louis, USA) with 10% fetal bovine serum (FBS, Invitrogen, Carls-
bad, USA) and incubated at 37 C in 5% CO2.
2.2. SIPS induction
For H2O2 treatment, cells were exposed to the indicated concentra-
tions of H2O2 for 1 h at 37 C and then washed with phosphate buf-
fered saline (PBS) three times. For UV- or X-ray irradiation, cells
were exposed to UV-C (5 J/m2) or X-ray (55 Gy), respectively.
2.3. Senescence-associated b-galactosidase staining
Cells were ﬁxed and stained with an senescent-associated b-galacto-
sidase (SA b-gal) staining kit in accordance with the manufacturer’s
instructions (Cell Signaling Technology, Beverly, USA).
2.4. Western blot analysis
Preparation of whole cell lysates (WCLs) and immunoblot analysis
was carried out as described previously [16]. Mitochondrial fraction
was puriﬁed with a mitochondria isolation kit (Pierce, Rockford,
USA). The following antibodies were used for immunoblot analysis:
monoclonal anti-hDAP3 (Transduction Laboratories, Lexington,
USA), anti-p21 (F-5, Santa Cruz, USA), anti-p53 (DO-1, Santa Cruz,
USA), anti-cytochrome-C oxidase 4 (CoxIV, Abcam, Cambridge,
UK), monoclonal anti-b-actin (AC-40, Sigma, St. Louis, USA) and
anti-b-tubulin (D66, Sigma, St. Louis, USA) antibodies and horser-
adish peroxidase-conjugated secondary antibodies. The proteins were
visualized by chemiluminescence detection (ECL solutions, Amer-
sham, USA). The detected signals were captured with CCD camera,
and measured by densitometric analysis (Gel-Pro analyzer, Media
Cybernetics, USA).
2.5. Virus production and infection
For DAP3 shRNA construction, the oligonucleotides described in
supplemental information 2 were synthesized, annealed and cloned
into pSUPERretro (Oligoengine, Seattle, USA). Plasmids possessing
either green ﬂuorescent protein (GFP) or puromycin resistance mark-
ers were transfected into 293T cells. Cell culture, puromycin selections
and generation of retroviral supernatants were carried out as described
previously [17].
2.6. Clonogenic survival assay
NIH-3T3 cells (1 · 103 cells) were prepared in 6-well plates. After
H2O2 treatment (0–200 lM, 1 h), cells were cultured for 7 days with
the medium changed every 3 days. Then the colonies were washed with
PBS once, and stained with crystal violet staining solution (0.25%
crystal violet, 3.5% formalin (v/v) in 80% methanol) for 5 min. Follow-
ing which, the stained colonies were counted. The statistical signiﬁ-
cance of the eﬀect of DAP3 knockdown was veriﬁed by unpaired
t-test analysis.2.7. Intracellular ROS detection
NIH-3T3 cells (1 · 105 cells) were plated in 3.5 cm dishes. After with
or without H2O2 treatment (100 lM, 1 h), an intracellular ROS detec-
tion solution, 10 lM H2DCFDA (Molecular probes, Eugene, USA) in
PBS, was added. After staining for 10 min, the cells were harvested and
the H2DCFDA positive population was analyzed using a Fluorescence
Activated Cell Sorter (FACS).3. Results
3.1. DAP3 protein decreases in replicative senescent cells
We previously reported on replicative senescence-associated
genes in MEFs in in vitro culture [16]. Following this, we tried
to clarify the possibility of molecular based cross-talk between
cellular senescence and apoptosis. We focused on one of the
positive mediators of apoptosis, DAP3, and ﬁrst examined
DAP3 protein expression in cultivated MRC5 cells (Fig. 1A).
Cells were harvested at early, middle and senescent stages on
days 21, 50 and 99, respectively. The increase of SA b-gal po-
sitive cells was monitored (Fig. 1B) and each WCL was sub-
jected to Western blotting. Surprisingly, as shown in Fig. 1C,
DAP3 protein expression in senescent MRC5 cells was
down-regulated to less than one-third of the level in the early
phase. Furthermore, similar down-regulation of DAP3 expres-
sion was observed in another HDF, HE1 cells, and even in
MEFs (data not shown). This suppressed protein expression
suggests that DAP3 has a functional role in replicative senes-
cence.
3.2. DAP3 is also reduced in oxidative stress-induced premature
senescent cells
Next, we investigated whether DAP3 protein is also regu-
lated by stress stimuli other than continuous in vitro culture
shock. YMM/TERT cells, immortalized HDF, were cultured
for 24 h after treatment with an oxidative stressor, H2O2 or
irradiation (UV- or X-ray) and subjected to Western blotting
as described in Fig. 1C. As shown in Fig. 2A, DAP3 protein
expressed constantly even after UV- and X-ray irradiation.
However, interestingly, its expression was markedly reduced
under H2O2 stimulation. It is worth noting that robust reduc-
tion of DAP3 was not common in SIPS, since induction of p53
protein was conﬁrmed in all treated cells. We also conﬁrmed
whether all stimuli tested were sub-lethal and senescence-
inducible using SA b-gal assay. Increases in SA b-gal activity
and ﬂattened morphology of the cells were consistently ob-
served in all treated cells, but not in untreated cells
(Fig. 2B). In parallel, a similar suppression of DAP3 expres-
sion after H2O2 treatment was demonstrated in YMM,
MRC5, and even NIH-3T3 cells to varying extents, as shown
in Fig. 2C. Furthermore, to assess the relationship between
DAP3 and p53, the kinetics of DAP3 reduction after H2O2
stimulation were examined and compared with that of p53
induction in YMM/TERT cells. Consequently, DAP3 reduc-
tion was detected more rapidly than p53 induction, as shown
in Fig. 2D, suggesting that DAP3 expression is not regulated
by p53. Curiously, it was observed that DAP3 mRNA expres-
sion was not decreased in oxidative stress-induced senescent
cells (supplemental information 1). Therefore, DAP3 expres-
sion in senescence is presumably regulated in a post-transcrip-
tion manner, such as by protein synthesis or degradation.
Since DAP3 localizes robustly to mitochondria [9,18], we next
examined whether oxidative stress-induced decline of DAP3
Fig. 1. DAP3 expression in replicative senescence. (A) The replicative lifespan of MRC5. The arrows indicate the days (Early: day21; Middle: day50;
Senescent: day99) analyzed for SA b-gal activity (B). (C) MRC5 WCLs were prepared at the indicated days in culture and analyzed for DAP3 and b-
actin using Western blotting. The protein levels of DAP3 are quantitated and normalized by the level of b-actin and shown as relative values.
Representative results of three independent experiments are shown.
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was puriﬁed from H2O2 treated YMM/TERT cells and DAP3
expression was checked. As shown in Fig. 2E, mitochondrial
DAP3 was reduced signiﬁcantly (80% reduction) after oxida-
tive stress compared with DAP3 reduction in the whole ex-
tract.
3.3. DAP3 potentially modulates the oxidative stress sensitivity
To further assess the physiological signiﬁcance of DAP3 in
senescence, we designed a shRNA-based gene silencing assay.
The shRNAs were targeted at 3 0UTR of the murine DAP3
gene to obtain the dominant eﬀect of exogenous DAP3 for la-
ter rescue experiments (supplemental information 2). We ﬁrst
examined the eﬀect of DAP3 suppression on oxidative stress
using a clonogenic survival assay in NIH-3T3 cells. As shown
in Fig. 3A, shDAP3-infected cells exhibited lower sensitivity to
H2O2 stimulus than both control vector-infected and DAP3-
rescued cells by expressing exogenous DAP3. The proportionof the colony surviving after H2O2 treatment was markedly
higher in shDAP3-infected cells than in others (Fig. 3B). It
should be noted that shDAP3-infected cells grow slower than
the control cells, and that may aﬀect the numbers and sizes
of the colonies even under oxidative stress-free conditions
(see Section 4). The expression levels of both endogenous
and exogenous DAP3 in these infected cells are shown in
Fig. 3C.
3.4. DAP3 is responsible for intracellular ROS production
The major source of intracellular ROS is thought to be a
mitochondrial respiratory chain. Since regulation of ROS pro-
duction has been implicated in sensitivity to oxidative stress
and aging, we further examined the eﬀect of ROS production
on DAP3 suppression. As shown in Fig. 4A, there was a reduc-
tion of about 25% of ROS production in shDAP3-infected
NIH-3T3 cells after H2O2 treatment compared with that in
control vector infected cells. It was conﬁrmed that this
Fig. 2. DAP3 expression in stress-induced premature senescence. (A) Immunoblot analysis of DAP3, p53 and b-actin in YMM/TERT cells prepared
at 24 hours after stimulation with (+) or without () H2O2 (100 lM, 1 h), UV (5 J/m2) and X-ray (55 Gy) irradiation. (B) SA b-gal staining of stress-
induced cells in (A) at 7 days after stimulation. (C) Early passage YMM, MRC5 or NIH-3T3 cells were treated with H2O2 (500 lM, 1 h), and WCLs
were analyzed for DAP3 and b-actin using Western blotting. DAP3 protein levels are normalized by the level of b-actin and shown as folded values
relative to the cells without H2O2 treatment. (D) Kinetics of DAP3 protein expression after H2O2 stimulation in YMM/TERT cells. YMM/TERT
cells were treated with H2O2 (100 lM, 1 h), and then WCLs at the indicated times were subjected to immunoblot analysis for DAP3, p53 and b-actin.
(E) YMM/TERT cells were cultured for 24 h after H2O2 stimulation (100 lM, 1 h), then WCLs were prepared and separated into cytoplasmic and
mitochondrial fractions, followed by Western blotting for DAP3. Expression of CoxIV or b-actin was veriﬁed for mitochondrial or cytoplasmic
control marker, respectively.
Fig. 3. DAP3-reduced cells are resistant to oxidative stress. (A) NIH-3T3 cells were infected with depicted retroviruses which produce either sh-
DAP3 (closed circle), sh-DAP3 + exogenous ﬂag-tagged DAP3 protein (open square), or control empty vector (open circle). After a couple of days
with puromycin selection (5 lg/ml), remaining cells were treated with the indicated concentration of H2O2 and subjected to clonogenic survival assay.
After 7 days of culture, the number of colonies in each plate was counted and compared to those of untreated samples. Data represent means ± S.D.
of three experiments. The * and ** represent P < 0.05 and P < 0.01 compared with control cells, respectively. (B) Survived colonies in clonogenic assay
(200 lM H2O2 and control) in (A) are described. (C) Expression of DAP3 protein and b-tubulin from virus-infected NIH-3T3 cells in (B) was
conﬁrmed with Western blotting. The arrowhead and asterisk indicate endogenous and exogenous ﬂag-tagged DAP3 protein, respectively.
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H2O2 treatment (Fig. 4A). These results underscore the role of
mitochondrial DAP3 in intracellular ROS production as a po-sitive regulator of not only oxidative stress-induced premature
senescence but also of ordinary stresses suﬀered in a culture
conditions.
Fig. 4. DAP3 modulates intracellular ROS production. (A) NIH-3T3 cells infected with control empty vector (dashed line) or sh-DAP3 (solid line)
retrovirus were treated with or without 100 lM of H2O2 for an hour. Subsequently, intracellular ROS productions were quantiﬁed with H2CDFDA
by FACS analysis. A representative result of three independent experiments is shown. (B) Immunoblot analysis of DAP3 and b-tubulin in virus-
infected NIH-3T3 cells in (A).
Fig. 5. DAP3-reduction abrogates replicative senescence of MEFs. (A) C57BL/6 MEFs were infected with the retroviruses and selected with
puromycin as described in Fig. 3. Subsequently, the MEFs were cultured according to 3T3 protocol. Three independent experiments gave similar
results. (B) The retrovirus–infected MEFs cultured at day 7 were analyzed for expressions of DAP3 and b-tubulin protein using Western blotting.
The arrowhead and asterisk indicate endogenous and exogenous ﬂag-tagged DAP3 protein, respectively.
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Our observations on oxidative stress-induced senescence
prompted us to examine the further role of DAP3 in replicative
cellular senescence through cultivated MEFs and shDAP3
silencing. Interestingly, as shown in Fig. 5A, in MEFs in which
DAP3 expression is reduced by shDAP3 in their early passage,
stable growth was observed just as though the cells had never
had an opportunity for senescence. In contrast, both control
vector-infected cells and the cells rescued by exogenous
DAP3 expression reached senescence as expected. We con-
ﬁrmed that this diﬀerence was caused simply by the loss of
DAP3 expression (Fig. 5B). At a longer time points when
the wild type MEFs usually enter into the immortalizing phase,
DAP3 shRNA infected-MEFs grew constantly (data not
shown). These results strongly suggest that DAP3 plays a sig-
niﬁcant role in stress signal-induced replicative senescence in
addition to oxidative stress-induced premature senescence.4. Discussion
The propensity of cellular senescence and apoptosis might
eliminate damaged or succumbed cells from post-mitotic
organisms, consequently suppressing the development of can-
cer. However, further detailed research is required to discoverhow they appropriately regulate the molecular and cellular
changes that occur with aging. The present study focuses on
the role of a known pro-apoptotic protein and a mitochondrial
ribosomal protein, DAP3, as a shuttle mediator in these cellu-
lar processes. It was demonstrated that DAP3 expression was
down-regulated in oxidative SIPS and replicative senescence
with cultivation. Furthermore, the decline of DAP3 strikingly
dampened not only sensitivity against oxidative stress but also
intracellular ROS production, suggesting it to be a novel reg-
ulator of oxidative SIPS. It was shown that the decline of
DAP3 modulated the replicative lifespan of MEFs, which is
consistent with a previous report that the replicative lifespan
of MEFs is dependent on oxygen sensitivity [19].
The causality of oxidative damage by ROS or general oxida-
tive stress in the aging process has recently been accepted in
numerous reports. In invertebrates such as C. elegans or Dro-
sophila, reduced ROS production has been deﬁnitely linked to
elongated lifespan [20]. In mammals, a recent report demon-
strates that adapter protein p66shc deﬁcient mice (p66shc/)
have an extended lifespan of up to 30%, and that MEFs from
the mice exhibit lower ROS production [21]. Also p66shc is
partly localized to mitochondria, and p66shc/ ﬁbroblasts
have lower oxygen consumption in mitochondria [22]. It is
noteworthy that DAP3 and p66shc share a few common fea-
tures, although the molecular basis of these genes’ contribution
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cules that modulate ROS production, and this is presumably
linked to their pro-apoptotic function [7,23].
A decrease in endogenous DAP3 in senescent cells is ob-
served, however it seems contradictory to our ﬁnding that a
reduction in DAP3 in MEFs abrogates replicative senescence.
The following scenario may be inferred: (1) The DAP3 protein
is accumulated in mitochondria and favors promoting sensitiv-
ity to oxidative stimuli; (2) When cells are exposed to a certain
level of oxidative stress, negative feedback machinery designed
for defensive response becomes active, which leads to a reduc-
tion in ROS production. Indeed, several anti-oxidant proteins,
such as superoxide dismutase (SOD) enzyme or its transcrip-
tional regulator FoxOs, are induced after oxidative stress re-
sponse in order to prevent the progression of senescence
[24,25].
Since DAP3 is a component of a small subunit of the mito-
chondrial ribosome, it would be signiﬁcant to verify whether
the reduction of DAP3 protein we analyze here is speciﬁc to
DAP3 or accompanied by a general reduction of mitochon-
drial proteins. With regard to this issue, we have examined
the expression of other nuclear-encoded mitochondrial pro-
teins, CoxIV and MnSOD, mitochondrial inner membrane
protein and matrix protein, respectively (supplemental infor-
mation 3). Although expression of CoxIV and DAP3 protein
decreased in a similar manner, MnSOD showed an increase
in senescent MRC5. It has been reported that mitochondrial
mass in MRC5 cells increases along with aging, while mito-
chondrial function decreases with cultivation [26]. An increase
of mitochondrial mass after a treatment of hydrogen peroxide
in MRC5 cells has also been reported [27]. Taken together with
the fact that DAP3 is a nuclear-encoded protein, it is unlikely
that changes in mitochondrial ribosomal activity directly aﬀect
the DAP3 protein expression. Interestingly, it has also been re-
ported that depletion of mitochondrial DNA induces a deﬁ-
ciency of DAP3 protein expression [15]. Therefore, DAP3
may function as a sensor of mitochondrial metabolic
function.
The delay of the cell growth is observed in shDAP3-infected
NIH3T3 cells (Fig. 3B). In contrast, we demonstrated that
DAP3 shRNA causes evasion of the senescent phase in the
growth curve using MEFs (Fig. 5A). We realize that NIH-
3T3 cells are already an immortalized cell line, and therefore
the inﬂuence of MEFs and NIH-3T3 on DAP3 mediated
growth regulation is presumably diﬀerent. In addition, we
did not observe any pro-apoptotic eﬀect even when a reason-
able amount of exogenous DAP3 was introduced to NIH-
3T3 cells or MEFs, although the previous literature reported
that over-expression of DAP3 in Hela cells induces apoptosis.
We consider the discrepancy is due to the diﬀerence in cell line.
In Fig. 5A, we demonstrated that DAP3 shRNA infected
MEFs grow constantly and did not reach the growth arrested
phase. In the yeast, disruption of yDAP3 exhibits a defective
mitochondrial function and progressively loose mitochondrial
DNA [18]. Recently, it has been reported that knockdown of
DAP3 impairs oxygen consumption in cells, and knockout of
the gene results in embryonic lethality [28], suggesting that
DAP3 is somehow necessary for the maintenance of metabo-
lism in mitochondria. Therefore, we propose the possibility
that reduction of DAP3 protein induces metabolic decline in
mitochondria, and consequently leads to an escape from the
growth arrest. In addition, we need to take into considerationthat some of mitochondrial ribosomal proteins are reported to
function not only in mitochondrial protein synthesis [29,30].
In conclusion, although further work will be necessary to
rigorously assess the molecular basis of DAP3-mediated cellu-
lar senescence, the present study clariﬁed a hitherto unknown
function of DAP3 in oxidative stress-induced premature senes-
cence, providing a new perspective on apoptosis and cellular
senescence.
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